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Assessment of the passive tension of the first dorsal interosseous and first lumbrical 1 
muscles using shear wave elastography.   2 
 3 
Abstract   4 
Purpose: The quantitative evaluation of passive tension of the intrinsic muscles of the hand 5 
is necessary to accurately assess contracture of the intrinsic muscles. The aim of this study 6 
was to evaluate the shear modulus, which is related to passive muscle tension, of the first 7 
dorsal interosseous (FDI) and first lumbrical (FL) muscles by using shear wave elastography. 8 
Methods: The subjects were 18 healthy males. The shear modulus of the FDI and FL 9 
muscles was assessed at several proximal/distal interphalangeal (PIP/DIP), 10 
metacarpophalangeal (MP), and wrist joint positions. The position in which the MP joint was 11 
at 60° flexion past 0° with PIP/DIP joint extension and that in which the MP joint was at 30° 12 
extension past 0° with PIP/DIP joint flexion were defined as the slack and stretched position, 13 
respectively. We analyzed whether the shear modulus was affected by the finger position 14 
(slack, stretched), wrist position (30° flexion past 0°, 30° extension past 0°), and muscle (FDI, 15 
FL).  16 
Results: The shear modulus in the stretched position was significantly higher than that in 17 
the slack position. The shear modulus of the FL muscle at 30° wrist extension was 18 
significantly higher than that at 30° flexion. The shear modulus of the FL muscle was 19 
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significantly higher than that of the FDI muscle in the stretched position with the wrist at 30° 20 
flexion and extension, and in the slack position with the wrist at 30° extension. 21 
Conclusions: The shear modulus of the FDI and FL muscles was increased with MP joint 22 
extension and PIP/DIP joint flexion. The difference in the muscle characteristics between the 23 
FDI and FL muscles should be considered when evaluating or treating contractures of the 24 
intrinsic muscles.  25 
Clinical Relevance: Shear wave elastography can help to quantitatively evaluate the 26 















The intrinsic muscles of the hand have an essential role in hand dexterity. The interosseous 40 
and lumbrical muscles originate from the metacarpal bones and flexor digitorum profundus 41 
(FDP) tendons, respectively, and the tendons of these muscles comprise the lateral band, 42 
which insert dorsally to the extensor aponeurosis on phalanges. The intrinsic muscles function 43 
in metacarpophalangeal (MP) joint flexion and proximal/distal interphalangeal (PIP/DIP) 44 
joint extension, and also contribute to grip and pinch strength [1]. Several studies have 45 
indicated that the strengthening and stretching of the intrinsic muscles of the hand may lead to 46 
improved hand dexterity, fatigue endurance and improved range of motion [2-4]. 47 
Contracture of the intrinsic muscles cause severe impairment of hand function by 48 
generating an intrinsic-plus hand and swan neck deformities [5-7]. Even in cases of mild 49 
contracture, patients may complain of tightness on PIP/DIP joint flexion with MP joint 50 
extension and impaired hand dexterity [7]. This contracture has been qualitatively evaluated 51 
by intrinsic tightness test. In this test, the flexion of PIP joint is limited at MP joint extension 52 
regarding a positive intrinsic tightness [5-9]. The contracture of intrinsic muscles has been 53 
treated by stretching exercises emphasizing MP joint extension with PIP/DIP joint flexion [8, 54 
9]. However, qualitative methods are insufficient to evaluate the severity of contracture or the 55 
therapeutic effect of stretching exercises. Therefore, there is a need for a quantitative 56 
evaluation method for the passive muscle tension of intrinsic muscles.  57 
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The passive muscle stiffness has been estimated by the slope of force-muscle length curve 58 
based on the relationship of joint angle and passive joint torque or displacement of the 59 
myotendinous junction by ultrasonography [10-12]. However, these methods calculate the 60 
tension as relative value indirectly. Recently, shear wave elastography is used to assess 61 
stiffness of soft tissue as shear modulus without the slope of stress-strain curve. This 62 
apparatus uses transient and remote mechanical vibration generated by an acoustic radiation 63 
force at a localized area. The force causes tissue dislocation and generates a shear wave. Then 64 
the apparatus calculates the shear modulus approximately from the propagation of shear wave 65 
speed [13]. In terms of muscle tissue, Maïsetti et al. [14] reported that the relationship 66 
between the shear modulus and muscle length was highly correlated with the force-muscle 67 
length curve. Moreover, Koo et al. [15] reported that the shear modulus was related to muscle 68 
force during passive stretching ex-vivo. These studies indicated that passive muscle tension 69 
could be measured directly as absolute value by shear wave elastography [16-22]. We sought 70 
to evaluate the passive tension of the intrinsic muscles using this method, and to confirm the 71 
tension with the muscle in a slack and stretched position. The specific aims of this study were 72 
to assess shear modulus in first dorsal interosseous (FDI) muscle and first lumbrical (FL) 73 
muscle in several MP and PIP/DIP joint positions. Additionally, we have examined whether 74 
wrist position affected the shear modulus of the intrinsic muscles because the lumbrical 75 




Materials and methods 78 
Subjects 79 
Subjects consisted of 18 healthy male volunteers (30.9 ± 4.3, 25-40 years). We excluded 80 
subjects from this study for the following criteria: (1) any abnormality of the right upper limb 81 
due to a history of trauma, degenerative disease, or disorders of the central or peripheral 82 
nervous systems, and (2) hypermobility of the MP joint of index finger for which passive 83 
extension was more than 90°. The purpose and procedures of the study were explained to all 84 
subjects before participation. This study was approved by the ethics board of Sapporo Medical 85 
University.  86 
 87 
Protocols 88 
Subjects were placed in a sitting position with the shoulder at 0° adduction and the elbow at 89 
90° flexion. For assessment of the shear modulus of the FDI and FL muscles, the forearm was 90 
pronated and supinated, respectively. The forearm was placed on a custom-made jig that could 91 
adjust the angle of the wrist joint, and MP joint of the index finger. The forearm 92 
and fingers were immobilized with an orthosis and hook-and-loop fasteners. The PIP/DIP 93 
joint was set in 2 positions (full flexion, full extension), and the MP joint in 4 positions (60°, 94 
30° and 0° flexion past neutral, 30° extension past 0°). The shear modulus with the MP joint 95 
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at 60° flexion with PIP/DIP joint flexion could not be measured due to a lack of space for 96 
probe positioning. The position in which the MP joint was at 60° flexion with PIP/DIP joint 97 
extension was defined as the slack position (Figs. 1-A, 2-A) and that in which the MP joint 98 
was at 30° extension with PIP/DIP joint flexion was defined as the stretched position (Figs. 99 
1-G, 2-G). There were 7 combinations of finger position (Figs. 1, 2), and the wrist position 100 
was set in 3 positions (30° flexion past 0°, neutral, 30° extension past 0°). In total, the shear 101 
modulus was measured for 42 combinations (7 finger positions × 3 wrist positions × 2 102 
muscles). The measurement order for the 6 positions (3 wrist positions × 2 muscles) and 7 103 
finger positions were randomized in advance.  104 
 105 
Shear modulus 106 
Shear modulus was measured by ultrasound shear wave elastography (AixPlorer Ver. 4, 107 
SuperSonic Imagine, Aix-en-Provence, France) with a linear array probe (50 mm, 4-15 MHz).  108 
The probe was applied to the dorsal and palmar hand for imaging the FDI and FL muscles, 109 
respectively, with acoustic gel (Fig. 3). The examiner manually operated the probe to maintain 110 
the shape of FDI and FL muscles. In anisotropic tissue such as muscle tissue, the 111 
measurement of shear modulus changes by probe position relative to muscle fiber direction 112 
and is recommended in longitudinally direction [23-24]. The probe was longitudinally set 113 
along the direction of the muscle to observe the area of maximum muscle thickness. The 114 
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ultrasonographic images of the FDI and FL muscles were analyzed in accordance with the 115 
method reported by Infantolino et al. [25] and Jacobson [26] (Fig. 4).  116 
The ultrasound device generated shear waves via the probe into the soft tissue and detected 117 
the shear wave propagation speed (c, m/s). Young’s modulus (E) was then calculated by the 118 
device as follows:  119 
E ＝ 3pc2 , 120 
where p is the tissue density, which was assumed to be a constant 1000 kg/m3 for human soft 121 
tissue [27]. The Young’s modulus was quantified based on the assumed isotropic tissue, 122 
whereas skeletal muscle cannot be assumed to be isotropic. In anisotropic tissue, 123 
measurement using the shear modulus rather than Young’s modulus is recommended [28]. 124 
The shear modulus (G) was calculated as follows: 125 
G = E / 2 (1 + v) , 126 
where v is Poisson’s ratio, which is close to 0.5 for tissue assumed to be incompressible such 127 
as skeletal muscle [19]. Hence, we adopted the shear modulus as the value obtained by 128 
dividing Young’s modulus by 3.  129 
Young’s modulus was presented as a color-coded 15 × 15 mm2 region of interest (ROI) 130 
over a B mode image. Within the ROI, a circular area was selected and the average Young’s 131 
modulus (in kPa) was calculated for this area. The diameter of the circular area was set from 2 132 
to 5 mm depending on muscle thickness, with the number of circles set from 3 to 6 according 133 
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to the ROI. The measurement value was derived from the average of the number of circular 134 
areas. The mean value of two measurements was used for the statistical analysis.  135 
 136 
Electromyography 137 
We confirmed that muscle activity had no effect on the measurement of the shear modulus 138 
using electromyography (EMG). Surface EMG was measured after shear modulus 139 
measurement as follows. After the skin was cleaned with alcohol, the electrode (size: 1 × 6 140 
mm; interelectrode distance: 12 mm; DL-141, S&ME, Tokyo, Japan) was placed on the same 141 
position as the probe. A reference electrode was placed over the right styloid process of the 142 
ulna. The EMG data was simultaneously recorded using software (Labchart 7 Pro, AD 143 
Instruments, Sydney, Australia) via an analog-to-digital converter (PowerLab 16/30, AD 144 
Instruments). After measuring the maximum voluntary contraction (MVC) of the FDI muscle, 145 
EMG data for the FDI muscle was recorded for 20 seconds in the 21 positions. The root mean 146 
square of the EMG (RMS-EMG) data was calculated for 100msec. The RMS-EMG was then 147 
calculated as the percentage of MVC (%MVC). The %MVC for the FL muscle was calculated 148 
using the same procedure.  149 
 150 
Range of motion 151 
The maximum passive range of motion (ROM) of the MP joint with PIP/DIP joint flexion 152 
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or extension was measured after EMG assessment.  153 
 154 
Statistics 155 
For statistical analysis of the shear modulus data, three-way ANOVA with repeated 156 
measures was used for the finger position (slack, stretched), wrist position (30° flexion, 30° 157 
extension), and muscle (FDI, FL) with the significance level set at 0.05. A paired t-test was 158 
performed for pair-wise comparisons as a post hoc test. The Bonferroni correction with a 159 
significance level of 0.05/4=0.0125 was applied. Measurement reliability between the first 160 
and second measurements for the 42 combinations was assessed using intra-class correlation 161 
(ICC).  162 
 163 
Results  164 
Three subjects were excluded from the original pool of 21 subjects because stable 165 
color-coded maps for the FL muscle in 2 subjects and a clear B mode image of the FL muscle 166 
in 1 subject could not be measured. Complete data for 18 of the 21 subjects was obtained. The 167 
maximum passive flexion angle of the MP joint with PIP/DIP joint flexion and extension was 168 
89.7 ± 8.3° and 93.1 ± 8.9°, respectively. The maximum passive extension angle of the MP 169 
joint with PIP/DIP joint flexion and extension was 56.4 ± 8.4° and 60.6 ± 7.6°, respectively.  170 
The minimum and maximum shear modulus values for the FDI and FL muscles were 171 
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obtained in the slack and stretched position, respectively, regardless of wrist position (Fig. 5). 172 
There were significant interactions in the shear modulus value among finger position, wrist 173 
position, and muscle (P < 0.001, three-way ANOVA).  174 
The shear modulus in the stretched position (MP joint at 30° extension with PIP/DIP 175 
flexion) was significantly higher than that in the slack position (MP joint at 60° flexion with 176 
PIP/DIP extension) independent of wrist position and muscle (P < 0.001).  177 
The shear modulus of the FL muscle in the wrist at 30° extension was significantly higher 178 
than that at 30° flexion with both the slack and stretched positions (P ≤ 0.001, Fig. 6A). The 179 
shear modulus of the FDI muscle with the wrist at 30° flexion with the slack position was 180 
significantly higher than that with the wrist at 30° extension with the slack position (P = 181 
0.007). There was no significant difference between the values obtained for the FDI muscle in 182 
the wrist at 30° flexion and extension with the stretched position (P = 0.715).  183 
The shear modulus of the FL muscle was significantly higher than that of the FDI muscle 184 
with the wrist at 30° flexion (P = 0.001, Fig. 6B) and extension (P < 0.001) with the stretched 185 
position, and with the wrist at 30° extension with the slack position (P = 0.001). There was no 186 
significant difference between the values obtained for the FL and FDI muscles with the wrist 187 
at 30° flexion in the slack position (P = 0.550). 188 
The ICC between first and second measurements for the 42 combinations ranged from 189 
0.808 to 0.988. In addition, all %MVC data was less than 3.2%, and the mean values for the 190 
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FDI and FL muscles ranged from 0.71 to 1% and from 1.16 to 1.57%, respectively. 191 
 192 
Discussion  193 
We quantitatively evaluated the passive tension of the FDI and FL muscles by measurement 194 
of the shear modulus value at various finger and wrist joint positions. In particular, we found 195 
that the shear modulus for the FDI and FL muscles increased with MP joint extension and 196 
PIP/DIP joint flexion. This result indicated that the intrinsic tightness test and widely used for 197 
stretching exercises for the intrinsic muscles are valuable for the assessment and treatment of 198 
intrinsic muscles contracture. As new knowledge, the shear modulus of FL muscle was higher 199 
than FDI muscle in stretching position. This result suggests the intrinsic tightness test is likely 200 
to be more reflective of lumbrical muscle rather than interosseous muscle. In addition, the 201 
contracture of lumbrical muscle would discriminate by wrist position because the shear 202 
modulus of FL muscle became higher with wrist extension. We, therefore, think that 203 
quantitative evaluation using our method would be useful to analyze more accurate method of 204 
tightness test or stretching in comparison with the qualitative test. 205 
Interestingly, the shear modulus of the FL muscle increased significantly with wrist and MP 206 
joint extension. One possible explanation for this is that the shear modulus of the FL was 207 
affected by the tension in the flexor digitorum profundus (FDP) tendon, which is the origin of 208 
the lumbrical muscles. Tension in the FDP tendon increases with MP and wrist joint extension 209 
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[29], and this might be transmitted to the shear modulus of the lumbrical muscle. In addition, 210 
the shear modulus of the FDI muscle in the slack position slightly, but significantly, increased 211 
with wrist flexion. The interosseous muscles inserts into the extensor digitorum communis 212 
(EDC) tendon, and tension in the EDC tendon, which is increased by MP joint and wrist 213 
flexion, would be transmitted to the interosseous muscles. Thus, the shear modulus of the FDI 214 
and FL muscles is affected by wrist position. These results indicate that the wrist position 215 
should be taken into consideration when assessing contracture of the intrinsic muscles. 216 
Moreover, we recommend that wrist position should be fixed when measuring the shear 217 
modulus of the FDI and FL muscles by shear wave elastography. 218 
 Shear modulus of the FL muscle in the stretched position was higher than that of the FDI 219 
muscle. Koo and Hug [30] suggested that the shear modulus was primarily affected by the 220 
muscle cross sectional area (CSA), with which it was negatively correlated. Jacobson et al. 221 
reported that the CSA of the FDI and FL muscles was 1.50cm2 and 0.11cm2, respectively [31], 222 
which corresponded to the results of their study. Hirata et al. [32] suggested that stretching 223 
notably affects muscles with the highest shear modulus value. Based on these and our 224 
studies, stretching exercises might have a more marked effect on the FL muscles than on the 225 
FDI muscles. Recently, several studies indicated a decrease in the shear modulus after 226 
stretching exercises in healthy subjects, and those changes were dependent on the different 227 
rehabilitation program [20-22, 32, 33]. At the treatment of intrinsic muscles contracture, we 228 
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need to compare clinical status between pre- and post- treatment. In addition, a severe case 229 
with intrinsic muscle contracture will be required surgical treatment, of which case couldn’t 230 
be improved by conservative treatment. In those cases, we should certainly evaluate whether 231 
the stretching exercise is effective or not for improvement of the contracture. We need further 232 
study to evaluate therapeutic effect from the viewpoint of the shear modulus of intrinsic 233 
muscles.  234 
We separately assessed the shear modulus and EMG of the FDI and FL muscles, the size of 235 
which was too small for positioning of the probe and the EMG recorder simultaneously. It is 236 
controversial whether the threshold of the EMG activity (%MVC) of a muscle could affect the 237 
shear modulus. In this study, the change in %MVC of the FDI and FL muscles was only 238 
0.29% and 0.41%, respectively, during passive joint movement. These results indicated that 239 
the EMG activity has little effect on the shear modulus. We concluded the present data were 240 
reliable and accurate. 241 
There were several limitations to this study. First, the shear modulus of the FL muscle could 242 
not be assessed in 3 subjects. This was probably due to the thickness of the skin or the 243 
existence of palmar fascia. Second, this study demonstrated the shear modulus of only the 244 
FDI and FL muscles. The other intrinsic muscles of the hand would not necessarily have 245 
identical results. Third, we could not constantly set the probe in the same position. Miyamoto 246 
et al. [34] reported that the difference in the shear modulus value between when the probe is 247 
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positioned parallel to the fascicle and at 20° oblique to the fascicle was negligible, while 248 
Maïsetti et al. [14] indicated that an increase in probe rotation affected accurate measurement 249 
of shear modulus. In our study, the ICC between the first and second measurements was more 250 
than 0.8 based our measurement. We, therefore, think that setting the probe by hand would 251 
have little influence on measurements of the shear modulus. 252 
In conclusion, we measured the shear modulus of the FDI and FL muscles by shear wave 253 
elastography in various positions of the PIP/DIP, MP, and wrist joint. The shear modulus of 254 
each muscle increased with MP joint extension and PIP/DIP joint flexion. The shear modulus 255 
of each muscle was also affected by wrist position. We found that the passive tension of the 256 
FL muscle was higher than that of the FDI muscle. The results of our study suggest that 257 
quantitative evaluation using shear wave elastography would provide more accurate stretching 258 
method and evaluation of severity of contracture or therapeutic effect. 259 
 260 
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Figure legends 360 
Fig. 1  Fingers position for measurement of the shear modulus of the FDI muscle. 361 
A: MP joint at 60° flexion with PIP/DIP joint extension. B: MP joint at 30° flexion with 362 
PIP/DIP joint extension. C: MP joint at 0° flexion with PIP/DIP joint extension. D: MP joint 363 
at 30° extension with PIP/DIP joint extension. E: MP joint at 30° flexion with PIP/DIP joint 364 
flexion. F: MP joint at 0° flexion with PIP/DIP joint flexion. G: MP joint at 30° extension 365 
with PIP/DIP joint flexion. A and G were defined as the slack and stretched position, 366 
respectively.  367 
 368 
Fig. 2  Finger positions for measurement of the shear modulus of the FL muscle. 369 
A: MP joint at 60° flexion with PIP/DIP joint extension. B: MP joint at 30° flexion with 370 
PIP/DIP joint extension. C: MP joint at 0° flexion with PIP/DIP joint extension. D: MP joint 371 
at 30° extension with PIP/DIP joint extension. E: MP joint at 30° flexion with PIP/DIP joint 372 
flexion. F: MP joint at 0° flexion with PIP/DIP joint flexion. G: MP joint at 30°extension with 373 
PIP/DIP joint flexion. A and G were defined as the slack and stretched position, respectively.  374 
 375 
Fig. 3  Measurement method for the shear modulus of the FL and FDI muscles by ultrasound 376 
shear wave elastography 377 
The forearm was placed on a custom-made jig which allowed the adjustment of the angle of 378 
the wrist and MP joint of the index finger. The forearm and fingers were immobilized with an 379 
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orthosis and hook-and-loop fasteners. The linear array probe was applied to the dorsal and 380 
palmar hand for imaging of the FDI (A) and FL (B) muscles, respectively, with acoustic gel. 381 
 382 
Fig. 4  Ultrasonographic findings for the FDI and FL muscles 383 
The FDI muscle (A) was identified as the muscle tissue above the FDI tendon originating 384 
from the second metacarpal head. The color-coded region of interest (ROI) indicates the shear 385 
modulus. The average of Young’s modulus was calculated for circular area within the ROI. 386 
The ROI was set at the areas with the maximum observable muscle thickness.  387 
  The FL muscle (B) was identified at the same depth as the flexor tendon. The right end of 388 
the ROI was set in the same position as the right end of the adductor pollicis muscle.  389 
 390 
Fig. 5  Shear modulus of the FDI and FL muscles at various finger and wrist positions 391 
A: shear modulus of the FDI muscle. B: shear modulus of the FL muscle. The minimum shear 392 
modulus value was obtained with the MP joint at 60° flexion with PIP/DIP joint extension in 393 
all wrist positions. The maximum shear modulus value was obtained with the MP joint at 30° 394 
extension with PIP/DIP joint flexion in all wrist positions. FDI, first dorsal interosseous 395 
muscle; FL, first lumbrical muscle; WF, wrist at 30° flexion; WN, wrist in neutral position; 396 
WE, wrist at 30° extension; PIPDIPFlex, PIP/DIP joint flexion; PIPDIPExt, PIP/DIP joint 397 




Fig. 6  Post hoc analysis after 3-way analysis of variance for the shear modulus values for 400 
the FDI and FL muscles. 401 
A: Comparison of the shear modulus between 30° flexion and 30° extension of the wrist. B: 402 
Comparison of the shear modulus between the FDI and FL muscles. FSL, finger slack 403 
position; FST, finger stretched position; WF, wrist at 30° flexion; WE, wrist at 30° extension; 404 
FDI, first dorsal interosseous muscle; FL, first lumbrical muscle; * P < .0125. 405 
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